Background: Strain ST-T changes on Electrocardiography (ECG) is a well-recognized marker of the presence and severity of Left Ventricular (LV) hypertrophy, which is usually associated with subendocardial dysfunction. However, the relationship between ST-T change and subendocardial dysfunction in hypertensive patients is unknown. Recently, two-dimensional speckle-tracking echocardiography has been used to define myocardial deformation parameters of the LV segment. Herein, we assessed subendocardial dysfunction patients with strain ST-T changes on electrocardiogram using two-dimensional speckle-tracking echocardiography.
Background
The strain pattern of ST depression and T-wave inversion on the surface 12-lead Electrocardiogram (ECG) is a well-recognized marker of the presence and severity of anatomic Left Ventricular Hypertrophy (LVH) [1] [2] [3] . Strain ST-T changes are also associated with adverse prognosis in several clinical conditions [4, 5] . Therefore, detection of subtle changes in LV contractile dysfunction at an early subclinical stage has important clinical implications.
Recent improvement in 2-dimensional echocardiographic image resolution has enabled detection of tissue pixels and tracking of acoustic markers from frame-to-frame [6] [7] [8] . Assessment of radial, circumferential, and longitudinal strain from tissue pixel tracing systems based on echocardiographic images has been reported [7] . In the present study, we used an advanced technique that allowed analysis of myocardial deformation based on speckle tracking separately within the endocardial and epicardial layers of the myocardium. The aim of this study was to assess the strain in the subendocardial and subepicardial layers in patients with strain ST-T changes on ECG using two-dimensional speckle-tracking echocardiography.
Methods

Study population
Our study population consisted of 75 hypertensive patients with normal LV ejection fraction and 45 controls subjects collected from April 2011 to November 2011. A total of 42 control subjects were matched for age, sex, and body mass index. All control subjects had coronary risk factors but no overt cardiac disease.
Hypertension was defined as systolic blood pressure ≥ 140 mmHg and/or diastolic blood pressure ≥ 90 mmHg or receiving treatment with antihypertensive drugs. Patients with myocardial infarction, atrial fibrillation, heart-valve disease were excluded. Six patients were excluded because of poor echocardiograms. The remaining 69 hypertensive patients were enrolled. All patients gave written informed consent to participate in the study, which was approved by the regional ethics committees.
Electrocardiography
The ECGs were recorded at 25 mm/s and 1 mV/cm calibration. Electrocardiographic strain was defined as a down sloping convex ST-segment depression combined with an inverted asymmetrical T-wave with polarity opposite to the main QRS deflection in leads V5 and/or V6. No specific magnitude of ST-segment depression was required for the diagnosis of ECG strain. Patients were divided into two groups according to the presence (n = 29) or absence (n = 40) of strain ST-T changes.
Echocardiography
Echocardiographic studies were performed using a standard commercial ultrasound machine (iE33; Philips, Andover, MA, USA) with a phased-array transducer. Single cine loops were recorded from two standard apical planes consisting of 4-chamber and 2-chamber views. LV end-diastolic volume, LV end-systolic volume, and Ejection Fraction (EF) were determined from apical 2-chamber and 4-chamber views using the modified Simpson's method. All tracing of the endocardial borders was performed manually three times, and the measurements were averaged. LV mass was calculated using the formula proposed by Devereux et al. [9] and corrected by the body surface areas to derive LV mass index. The early diastolic transmitral velocity (E) and late diastolic transmitral velocity (A) were recorded in the apical 4-chamber view with the sample volume (5 mm) positioned in the direction of antegrade flow at the level of the mitral valve tips in diastole. The early diastolic velocity (Ea) and late diastolic velocity (Aa) of the mitral annulus in the 4-chamber view were measured. Ea and Aa were obtained at the septal and lateral sites of the annulus, and average values of these measurements were calculated for each patient.
Strain analysis with speckle-tracking imaging
Two-dimensional B-mode grayscale images were captured with a frame rate of 50-80 fps, and at least three beats were recorded for analysis. Offline analyses of the short-axis view at the mid-papillary level and apical long-axis view were performed using dedicated software that tracked the changes in 2-dimensional speckle position on a frame to frame basis throughout the cardiac cycle (QLab 6.0; Philips). When a cardiac cycle with a good quality image was selected, a region of interest for speckle tracking was initially defined at end-diastole using a semi-automated border detection method. Strain analysis was performed as described previously [10] . The locations of the 18 tracking points were then adjusted when necessary so that the region of interest extended from endocardial to epicardial borders to approximate the myocardium, which was divided into subendocardial and subepicardial layers of equal thickness. Data were then automatically processed by the system and myocardial strain curves were generated for both layers. If the tracking was not satisfactory, manual adjustments were made to the tracking points. If satisfactory tracking was not accomplished within 5 min, the non-tracking segments were excluded from analysis. Epicardial and endocardial strain were calculated by data derived from all layers. Radial, circumferential, and longitudinal strain in the subendocardial and subepicardial layers at the posterior and anteroseptal segments were also measured ( Figure 1 ). All variables in this study represent the mean value of measurements taken in three consecutive cardiac cycles.
Statistics
Data are expressed as mean ± standard deviation. Comparisons of continuous variables among the three groups were performed using one-way analysis variance and post-hoc Bonferroni analysis. Categorical variables were compared using Fisher's exact test or chi-square test whenever appropriate. The correlation between LV mass index and endocardial radial strain was assessed by simple linear regression analysis. We assessed the interobserver and intraobserver variability for strain measurements from 15 randomly selected patients. Intraobserver variability of endocardial radial, circumferential, and longitudinal strain at the posterior segments was 3.3 ± 2.4%, 4.2 ± 3.1%, and 5.6 ± 4.9%, respectively. Interobserver variability of endocardial radial, circumferential, and longitudinal strain at the posterior segments was 3.7 ± 2.6%, 5.3 ± 4.7%, and 7.1 ± 5.9%, respectively. For all analyses, a p value < 0.05 was considered significant. Table 1 lists the baseline clinical characteristics of all subjects. There were no significant differences in age, sex, history of diabetes, and dyslipidemia between the three groups. Table   Figure 1 : Assessment of left ventricular myocardial strain patterns using 2-D speckle-tracking strain imaging. The mid-papillary short axis view (A) and apical long axis view (B) of the left ventricle were acquired. Radial strain (C) and circumferential strain (D) are measured from the mid-papillary short axis views. Longitudinal strain (E) is measured from the apical long axis view. Examples of strain profiles were measured at the posterior segments.
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Copyright: © 2014 Ohara et al. 2 shows echocardiographic characteristics of all subjects. LVEF, LV end-diastolic volume, and LV end-systolic volume were not significantly different between the three groups. LV mass index was significantly greater in the strain group than in the nonstrain and control groups (p < 0.0001). E/Ea was significantly greater in the strain group than in the non-strain and control groups (p < 0.001).
Strain measurements
From a total of 444 analyzed segments, 26 posterior segments and 16 anteroseptal segments were excluded owing to suboptimal myocardial tracking and poor image quality. Circumferential strain and epicardial radial strain were not significantly different between the three groups ( Table 3) . Longitudinal strain at both the posterior and anteroseptal segments was significantly decreased in the strain group compared with the non-strain and control groups. Epicardial radial strain was similar between patients with and without strain ST-T changes, while endocardial radial strain was significantly reduced in the strain group compared with the non-strain group (antero-septal: 19.3 ± 14.5 vs. 31.9 ± 15.8, p < 0.01; posterior: 25.4 ± 14.9 vs. 34.5 ± 11.4, p < 0.05). Figure 2 shows a typical radial strain in a patient with and without strain ST-T changes.
Relationship between strain and LV mass
In the hypertensive patients, endocardial radial strain at the posterior segment was significantly correlated with the LV mass index (r = 0.36, p < 0.005) (Figure 3) . Similarly, endocardial strain at the anteroseptal segment was significantly correlated with the LV mass index (r = 0.39, p < 0.001) (Figure 3 
Discussion
The present study showed that longitudinal strain and endocardial radial strain was decreased in patients with strain ST-T changes on ECG. 
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Copyright: © 2014 Ohara et al. In general, subendocardial longitudinal fibers are vulnerable in the presence of myocardial ischemia and hemodynamic overload, and abnormal longitudinal function can be detected at an early stage [11, 12] . Recent studies using speckletracking echocardiography have reported that LV contraction is first impaired in the longitudinal direction in patients with cardiovascular risk factors [13] [14] [15] [16] . Therefore, strain is a measure reflecting regional systolic function and has been used to detect subclinical myocardial dysfunction in a number of cardiac conditions. However, the ECG strain pattern identified in subjects at increased cardiovascular risk, the mechanisms remain unclear.
In hypertensive subjects, ST segments depression with T-wave inversion may reflect an increased LVM independent of the presence of coronary artery disease [4] . The amplitude of the T wave was attributed to the square of the cell radius, while the inversion or flattening of the T wave was attributed to the contiguity of myocardial layers with different durations of the action potential [17] . In addition to increased LVM, the strain pattern may be a marker of subendocardial myocardial ischemia, without coronary artery disease. Despite the increased diameter of coronary arteries in hypertrophied hearts, some predisposition to ischemia may exist, particularly in the subendocardial layers [18] . In the present study, endocardial radial strain was significantly correlated with the LVM index in hypertensive patients. Moreover, LVM index was significantly greater in patients with strain ST-T changes compared with those without strain ST-T changes. On the other hand, at the same stage, this phenomenon may not be present in mid-myocardial fiber layers, resulting in normal circumferential strain. In the current study, circumferential strain was not different in hypertensive patients with and without strain ST-T change. Moreover, circumferential function might be preserved until global LV dysfunction develops, suggesting that that the assessment of circumferential strain might be less sensitive to detect subclinical LV dysfunction.
Nishikage et al. [19] reported that regional longitudinal strain was reduced in patients with strain ST-T change. However, in this study, we measured the layer-specific myocardium strains. To the best of our knowledge, there are few studies of layerspecific strain analysis in patients with strain ST-T changes. Layer-specific analysis of myocardial function based on advanced echocardiographic speckle tracking techniques is a promising tool to obtain quantitative insights into layer-specific myocardial function analysis. Importantly, we found significantly decreased endocardial radial strain in the patients with strain ST-T changes compared with those without strain ST-T changes or control group subjects, although there was a similar circumferential strain. Myocardial heterogeneity is characterized by a significantly higher deformation rate and deformation amplitude in the subendocardial layer compared with the subepicardial layer [20, 21] . Previous studies have demonstrated that ventricular wall thickening is not uniform, with a ratio of inner-to outer-half thickening of ~2.0 to 1.3 in the normal heart [22] [23] [24] .
The mechanism of LV wall thickening in the radial direction is also unclear. Myocardial fibers are grouped into lumina 3 to 4 cells thick that are interconnected by an extensive extracellular matrix, and the longitudinal-radial shear of these sheets is likely to be an important mechanism underlying wall thickening [25, 26] . Moreover, radial thickening is influenced by the complex 3-dimensional fiber rearrangement in the LV wall [27] . In dogs with severe LV hypertrophy, exhaustion of subendocardial blood flow reserve is associated with myocyte necrosis and fibrosis, demonstrating that structural alterations play an important role in the development of heart failure [28] . Poulsen et al. [29] showed that reduced longitudinal strain is associated with increased collagen turnover and degree of myocardial fibrosis in hypertensive patients. We hypothesized that the amount of fibrosis may increase in the endocardial layer in hypertensive patients with strain ST-T change compared with those without strain ST-T changes. As a result, this higher degree of myocardial fibrosis may negatively affect LV performance, resulting in impaired endocardial radial strain in hypertensive patients with strain ST-T change.
Clinical implications
The current study demonstrated that the endocardial radial strain is clinically useful for detecting systolic dysfunction, which cannot be determined using conventional LVEF. Detection of intrinsic systolic dysfunction may aid in the prediction of subsequent morbidity and mortality in patients with strain ST-T changes on ECG. Further, endocardial radial strain may be clinically useful for examining improvement in intrinsic systolic dysfunction by medical treatment.
Limitations
Several limitations of the present study should be considered. First, we assessed myocardial strain at the mid antero-septal and posterior walls. Therefore, these results may not apply to the other LV segments. Second, the study population was heterogeneous including subjects with or without coronary artery disease. Although we excluded patients with evidence of coronary artery disease as indicated by electrocardiography and conventional echocardiography, and none of the study subjects complained of typical symptoms, the possibility that a small number of subjects with silent myocardial ischemia were included cannot be ruled out because of the lack of confirmation by stress testing or coronary angiography. However, coronary artery disease is a very frequently associated co-morbidity in hypertension, and therefore, our study population reflects clinical daily routine. Third, this study evaluated layer-specific myocardial deformation in hypertensive patients. The layerspecific analysis of myocardial deformation parameters has not been specifically validated in an experimental model. The high spatial resolution of the system allowed separation of the total wall thickness into two separate layers. Moreover, similar accuracy on the layer-specific analysis level can be assumed as for the previously evaluated total wall thickness accuracy.
Conclusions
Hypertensive patients with strain ST-T changes exhibited impaired longitudinal strain and endocardial radial strain, however circumferential strain and epicardial radial strain were preserved. Strain, especially endocardial radial strain, is useful
